Abstract. Recent studies have demonstrated that activation of enzymes can be observed in living cells in response to stimulation with neurotransmitters, hormones, growth factors, and so forth. Thus, the activation of enzymes was shown to be closely related to the dynamic states of various cell functions. The development of new experimental methodologies has enabled researchers to study the molecular basis of neuronal plasticity in living cells. In 1973, Bliss and his associates identified the phenomena of long-term potentiation (LTP). Since it was thought to be a model for neuronal plasticity such as learning and memory, its molecular mechanism has been extensively investigated. The mechanism was found to involve a signal transduction cascade that includes release of glutamate, activation of the NMDA glutamate receptors, Ca 
Introduction
In recent years, studies on the molecular mechanisms of the higher nervous activities of mammals have been initiated. To elucidate the dynamic state of cellular functions, the molecular mechanisms of the functions should be observed in living cells. The activation of receptors, enzymes, and gene expression must be analyzed in the in situ cells and it must be determined how these activations are related to specific cellular functions. In this sense, it may be important to determine the time courses for the activations of functional components in relation to the manifestations of specific cellular functions. According to this concept, we have studied Ca
2+
-dependent reactions in living cells such as established cell lines, primarily cultured cells, cultured passage cells, and tissue slices (1 -30) (Table 1) . Effects of endogenous components such as neurotransmitters, hormones, growth factors, and so on were examined by adding them to the culture medium. Since the elucidation of the in vivo cellular functions would not be an easy task in most cases, these approaches were thought to be appropriate means to closely approximate the temporal changes in the dynamic state of specific cellular functions.
In 1973, Bliss and his associates, as described below, reported that tetanic stimulation of the perforant pathway of presynaptic fibers resulted in high responses of granule cells of postsynaptic neurons to electric stimulation. The experiments were conducted in vivo with rabbits. They called the effect long-term potentiation (LTP) because the elevation of the postsynaptic potential or current continued for a long time.
Mammalian brains are flexible, being able to change their functions and structures in response to internal and external stimuli. These kinds of phenomena are called neuronal plasticity. Although it is important that neuronal plasticity is studied in human beings, it may not be possible due to their complicated systems. Therefore, more simple models have been created in animals and these models have been used to try to elucidate the molecular mechanisms involved in neuronal plasticity (31 -37) (Table 2) . Of course, each study presented here has been extensively performed and therefore cannot been described in detail in this review, but I will summarize the important aspects of these studies. LTP in the hippocampus was considered to be important for elucidating the molecular mechanism of learning and memory because these processes may be based on longlasting potentiation of synaptic efficacy (38 -46) .
At the end of the 1980s, a number of inhibitors, including receptor inhibitors, Ca 2+ chelators, calmodulin antagonists, and protein kinase inhibitors, were found to suppress LTP in the CA1 area of the hippocampus. Microinjection of a peptide of protein kinase C (PKC) inhibitory domain, calmidazolium (a calmodulin antagonist), and a peptide of Ca
/ calmodulin-dependent protein kinase (CaM kinase) II inhibitory domain into pyramidal cells of the CA1 area of the hippocampus inhibited the induction of LTP by tetanic stimulation (45, 46) .
In the 1990s, various knockout mice were produced by the gene-targeting method to examine which component is important for induction of LTP. NMDA glutamate receptors-, PKCγ subunit-, and CaM kinase II α subunit-deficient mice showed both impairment of LTP induction using hippocampal slices and lack of spatial learning using whole mice. These results suggested that LTP is correlated with spatial learning of mice and that the components deficient in these mice are involved in LTP induction. However, the above result provided no evidence that the enzyme activity of CaM kinase II itself is involved in LTP. Molecular mechanisms of LTP induction and maintenance have not separately been elucidated. The present review provides a brief summary of historical and recent findings about the molecular mechanisms of LTP and focuses on our findings of LTP induction and maintenance.
LTP induction

Inhibitors
At the end of the 1980s, LTP was thought to be induced in the activation of postsynaptic neurons. Various inhibitors were added to the culture medium or directly into pyramidal cells of the CA1 area of the hippocampus, and then LTP was induced. As shown in (50) , and KN-62 (51) inhibited LTP induction. Thus, the induction of LTP in the CA1 area of the hippocampus requires activation of NMDA glutamate receptors, the entry of Ca 2+ into postsynaptic neurons, and activation of protein kinases, especially CaM kinase II and PKC.
Activation of CaM kinase II
LTP was induced by application of theta-burst patterned stimulation to hippocampal slices and organotypic cultures (9). In each slice, two stimulation electrodes were placed in the stratum of the CA1 area. Stimulation was applied simultaneously to the two inputs. After the induction of LTP, the CA1 area of the hippocampus was dissected and homogenized in buffer containing a detergent and protease inhibitors, a PKC inhibitory peptide, and protein phosphatase inhibitors. The supernatant was assayed to determine CaM kinase II activity. Low-frequency stimulation was given to control slices.
As shown in Fig. 1 , the induction of LTP resulted in increases in both the Ca 2+ / CaM-independent and Ca 2+ /CaM-dependent activities of CaM kinase II towards the substrates syntide 2 and synapsin I. The effect could be detected as early as 3 -5 min after stimulation and was still present 60 min later. Prior to stimulation, the slices were treated with AP5, a specific inhibitor of the NMDA glutamate receptor. Under these conditions, LTP was not induced and no elevation of the CaM kinase II activity was observed.
Hippocampal slices were prelabeled with [ 
Mutant mice
Mutant mice were produced by the gene targeting method. The learning and memory abilities of these mice were determined, and the excised hippocampal slices were examined for LTP induction ( Table 4 ). The mice deficient in NMDA receptors ε1 (52) and 1 (53), CaM kinase II α subunit (54, 55) , PKCγ subunit (56) , and Fyn (57) showed both impairment of learning and memory and of impairment of LTP induction, although PKCγ induction was normal. In the case of cyclic AMP response element binding protein (CREB)-deficient mice, LTP induction decreased more rapidly than in the control mice (58) . These results indicate that the activation of NMDA glutamate receptors, CaM kinase II, and PKC and the involvement of Fyn and activation of CREB are required for LTP induction. On the other hand, as Fyn-deficient mice showed abnormal brain morphology, it may be questionable that Fyn is directly involved in LTP induction. As described below, CREB activation by phosphorylation was shown to be associated with LTP induction.
Tsien and his associates (59, 60) more clearly demonstrated the close relationship between LTP and learning ability of animals by employing an elegant technique. First of all, they produced transgenic mice by the expression of NMDA receptors in the CA1 area of the hippocampus. These transgenic mice had greater spatial learning ability than the control mice. As their next experiment, they produced mice whose CA1 area was deficient in NMDA receptors by administering the animals doxocycline, an antibiotic. These mutant mice showed the impairment of spatial learning in comparison to control mice.
These experiments using mutant mice indicate that the NMDA glutamate receptors and CaM kinase II are important for LTP induction and that LTP is closely related to spatial learning. 
LTP maintenance
Transient activation of mitogen-activated protein kinase (MAPK) and CaM kinase IV In a previous study, we showed that stimulation of glutamate receptors by treatment with NMDA or glutamate produced a transient increase in 42-kDa MAPK activity as well as the Ca
2+
-independent form of CaM kinase II in cultured hippocampal neurons, whereas in the hippocampal slices, high frequency stimulation (HFS) resulted in a long-lasting increase in the activity of CaM kinase II (9). These observations suggest that the activation of protein kinases can be regulated in an activity-dependent manner. A Western blotting study showed that 2 min after delivering HFS to the Schaffer collateral pathway in hippocampal slices, the 42-kDa MAPK activity increased, but this activation did not persist during the entire period of LTP induction (61, 62) . Changes were investigated in MAPK activity in dissected CA1 areas of hippocampal slices, before and after HFS delivery. Figure 2A shows the time course of MAPK activities under the conditions of LTP induction and control. Immediately after HFS, substantial increases in the activity of 42-kDa MAPK, but not 44-kDa MAPK were evident in the LTP-established slices. A peak increase in kinase activity was observed at 3 min after HFS, followed by rapid recovery at 10 min, and then reversion to nearly basal levels after 30 min. This result is similar to that reported by other investigators (61) . However, in slices subjected to LFS, no increase in MAPK activity was observed. Figure 2D summarizes the statistical analyses of these results.
The changes of CaM kinase IV activity were observed during LTP. Application of HFS to Schaffer-collateral pathways reliably induced the potentiation of the fEPSP slope, which lasts over 60 min in the CA1 region. CaM kinase IV activity was determined 3, 10, 30, and 60 min after HFS application and was significantly increased within 3 and 10 min, returning to basal levels within 30 min after HFS ( Fig. 2A) . This result was confirmed by immunoblot analysis using the anti-pT196 antibody to assess levels of CaM kinase IV phosphorylation at Thr196 (Fig. 2C) , an essential site for activation of CaM kinase IV by CaM kinase kinase. Figure 2D summarizes the statistical analyses of these results. Phosphorylation of Thr196 was significantly increased 3 min after HFS and then returned to the basal level. CaM kinase IV protein levels were unchanged 3, 10, and 30 min after HFS, although a slight but significant increase was observed 60 min after HFS, which is consistent with the previously reported result (61) .
CREB phosphorylation
In contrast to activation of MAPK and CaM kinase IV (Fig. 2: A, B , and C), CREB phosphorylation detected with anti-phosho-Ser133 antibody increased 3, 10, 30, and 60 min after HFS, and the increased phosphorylation was sustained during LTP ( Fig. 2: C and D) . The protein levels of CREB were not significantly changed at any time point after HFS.
To determine the localization of activated CaM kinase IV in neurons, an immunohistochemical study using anti-pT196 antibody was undertaken. In control slices, moderate immunoreactivity was observed in the cytosol but was not competed by absorbance with the peptide antigen. Neuronal nuclei were not stained. In contrast, strong immunoreactivity was observed in the nuclei of neurons in HFS-applied slices, and that immunoreactivity was absent when the antibody was absorbed with the peptide antigen, indicating that it was specific. These results suggest that CaM kinase IV is activated in the nuclei of CA1 pyramidal neurons by HFS application. Specific immunoreactivity was also observed in the dendrites of the neurons because its expression was not limited to nuclei. We observed slight expression of CaM kinase IV in the cytosols and dendrites of cultured neurons.
Effects of calmodulin antagonist and CaM kinase inhibitor on LTP and CREB phosphorylation
Because it was reported that CaM kinase IV was the major CREB kinase in the response to neuronal stimulation in cultured rat hippocampal neurons (6, 7), it was examined whether it functioned as a CREB kinase during LTP. To inhibit CaM kinase IV activity, we used calmidazolium, a calmodulin antagonist, and KN93, a CaM kinase inhibitor. Both inhibitors were previously shown to inhibit CaM kinase IV activity in cultured rat hippocampal neurons (7) . The application of calmidazolium (Fig. 3A) or KN93 (Fig. 3C) inhibited induction of LTP, possibly by inhibiting CaM kinase II. Calmidazolium and KN93 did significantly inhibit CaM kinase IV phosphorylation without having any effect on p42 MAPK phosphorylation. HFS-induced CREB phosphorylation was, however, significantly inhibited by both compounds 3 and 30 min after HFS (Figs. 3: B and D) . By contrast, KN92, an inactive compound similar to KN93, affected neither LTP induction nor CREB phosphorylation (Figs. 3: C and D) , indicating specific inhibition by KN93. These results demonstrate a positive correlation between CaM kinase IV activation and CREB phosphorylation and are consistent with the idea that CaM kinase IV functions as a CREB kinase during HFS-induced LTP.
Likewise, the effects of an MEK inhibitor on LTP and CREB phosphorylation were examined. U0126, a specific MEK inhibitor, at a concentration that inhibits MAPK did not inhibit LTP induction. In fact, UO126 did not inhibit CREB phosphorylation 3 min after HFS, but did inhibit CREB phosphorylation 30 min after HFS. The MAPK cascade is thought to be involved in CREB phosphorylation through the activation of p90 ribosomal S6 kinase 2 (RSK2). These results suggest that CaM kinase IV and MAPK pathways act as CREB kinases in LTP. The results also indicate that CaM kinase IV starts as a CREB kinase from a relatively early stage of LTP, whereas MAPK functions at a later stage during the time course of LTP.
Stimulation of c-Fos expression during LTP
Since it was elucidated that CREB phosphorylation is activated during LTP, it was examined whether gene expression induced by the CRE-activated pathway is stimulated. As shown in Fig. 4A , the expression of the c-Fos protein was unchanged 3 and 10 min after LTP induction and then significantly increased 30 and 60 min after LTP. These observations suggested that phosphorylated CREB stimulated the expression of c-Fos. It was also confirmed that the stimulated expression of c-Fos was inhibited by the addition of the calmodulin antagonist calmidazolium and the MEK inhibitor U0126 (Fig. 4B) . The results suggest that CREB-mediated gene expression is stimulated through phosphorylation of CREB by activation of CaM kinase IV and MAPK.
Molecular mechanism of LTP induction and maintenance
The summarized hypothesis for LTP induction and maintenance is shown in Fig. 5 . First of all, L-glutamate is released as the neurotransmitter from presynaptic neurons. The released L-glutamate specifically stimulates NMDA glutamate receptors. Consequently, Ca 2+ enters the presynaptic neurons through activated On the other hand, to produce LTP maintenance, stimulation of gene expression is thought to be required in addition to short activation of an enzyme such as CaM kinase II and subsequent Ca 2+ entry. As presumed, MAPK and CaM kinase IV, which can be involved in stimulation of gene expression, were found to be activated during LTP. We previously reported that MAPK activation is produced by stimulation of glutamate receptors using cultured hippocampal neurons (4). Glutamate receptors involved included both NMDA and metabotropic receptors. The latter pathway was thought to require the activation of PKC. The target transcription factor for MAPK and CaM kinase IV could be CREB, as shown in Figs. 2 and 3 . Furthermore, expression of c-Fos protein was stimulated by activation of MAPK, CaM kinase IV, and CREB during LTP. These results are consistent with the hypothesis that LTP maintenance requires stimulation of gene expression and subsequent protein synthesis. This would lead to new synthesis of synaptic components, sprouting, and formation of new circuits. Reconstruction of morphological structure of synapses would be needed to form LTP maintenance and long memory. In fact, it was reported that the number of spines increases during LTP (63) . Surprisingly, activation of MAPK and CaM kinase IV started early after LTP induction and decreased within 10 min, whereas CREB phosphorylation gradually increased. Induction of c-Fos protein increased after 30 min during LTP, concomitantly with CREB phosphorylation. The experiments with inhibitors indicated that MAPK and CaM kinase IV were involved in phosphorylation of CREB.
Conclusion
Since the discovery of LTP by Bliss et al. in 1973, many investigators have been studying its molecular mechanisms. Since a variety of findings and hypotheses were presented, it would be agreed that the events in postsynaptic neurons are activated to produce LTP induction and maintenance. For LTP induction, NMDA glutamate receptor activation, subsequent Ca 2+ entry, and CaM kinase II activation are important, while for LTP maintenance, a stimulation of gene expression is necessary. On the basis of the studies on inhibitors and mutant mice, the involvement of PKC in LTP induction was proposed. However, the role of PKC has not been confirmed at present.
It is still controversial that LTP is closely related to short and long memory. Many studies have been done to prove it. For example, animals in which LTP was sufficiently expressed by electric stimulation of the dentate gyrus of the hippocampus showed lower ability for learning. Administration of NMDA glutamate receptor antagonists impaired LTP induction and the ability of spatial learning.
Neuronal plasticity of animals is essential for their daily lives because they must adapt to changes in their outside environment. Several types of neuronal plasticity were elucidated by creation of models. The molecular mechanism of each model has been studied and elucidated, as shown in Table 2 . Further studies will be done to study LTP in the hippocampus, which is a model for learning and memory of animals. 
